The roles of cellular orientation during trabecular and ventricular wall morphogenesis are unknown, and so are the underlying mechanisms that regulate cellular orientation. Myocardial-specific Numb and Numblike double-knockout (MDKO) hearts display a variety of defects, including in cellular orientation, patterns of mitotic spindle orientation, trabeculation, and ventricular compaction. Furthermore, Numb-and Numblike-null cardiomyocytes exhibit cellular behaviors distinct from those of control cells during trabecular morphogenesis based on single-cell lineage tracing. We investigated how Numb regulates cellular orientation and behaviors and determined that N-cadherin levels and membrane localization are reduced in MDKO hearts. To determine how Numb regulates N-cadherin membrane localization, we generated an mCherry:Numb knockin line and found that Numb localized to diverse endocytic organelles but mainly to the recycling endosome. Consistent with this localization, cardiomyocytes in MDKO did not display defects in N-cadherin internalization but rather in postendocytic recycling to the plasma membrane. Furthermore, N-cadherin overexpression via a mosaic model partially rescued the defects in cellular orientation and trabeculation of MDKO hearts. Our study unravels a phenomenon that cardiomyocytes display spatiotemporal cellular orientation during ventricular wall morphogenesis, and its disruption leads to abnormal trabecular and ventricular wall morphogenesis. Furthermore, we established a mechanism by which Numb modulates cellular orientation and consequently trabecular and ventricular wall morphogenesis by regulating N-cadherin recycling to the plasma membrane.
The roles of cellular orientation during trabecular and ventricular wall morphogenesis are unknown, and so are the underlying mechanisms that regulate cellular orientation. Myocardial-specific Numb and Numblike double-knockout (MDKO) hearts display a variety of defects, including in cellular orientation, patterns of mitotic spindle orientation, trabeculation, and ventricular compaction. Furthermore, Numb-and Numblike-null cardiomyocytes exhibit cellular behaviors distinct from those of control cells during trabecular morphogenesis based on single-cell lineage tracing. We investigated how Numb regulates cellular orientation and behaviors and determined that N-cadherin levels and membrane localization are reduced in MDKO hearts. To determine how Numb regulates N-cadherin membrane localization, we generated an mCherry:Numb knockin line and found that Numb localized to diverse endocytic organelles but mainly to the recycling endosome. Consistent with this localization, cardiomyocytes in MDKO did not display defects in N-cadherin internalization but rather in postendocytic recycling to the plasma membrane. Furthermore, N-cadherin overexpression via a mosaic model partially rescued the defects in cellular orientation and trabeculation of MDKO hearts. Our study unravels a phenomenon that cardiomyocytes display spatiotemporal cellular orientation during ventricular wall morphogenesis, and its disruption leads to abnormal trabecular and ventricular wall morphogenesis. Furthermore, we established a mechanism by which Numb modulates cellular orientation and consequently trabecular and ventricular wall morphogenesis by regulating N-cadherin recycling to the plasma membrane.
Numb family proteins | trabecular morphogenesis | endocytosis | cellular orientation | single-cell lineage tracing T he heart is the first functional organ formed in mammalian embryonic development (1) . During cardiogenesis, cardiac progenitor cells from the cardiac crescent migrate toward the ventral midline to form a linear heart tube with a smooth inner surface (2, 3) . When the linear heart tube undergoes looping, myocardium along the outer curvature of the tube will extend inward to form ridge-like structures (2, 3) , which are the newly initiated trabeculae (4, 5) . As the early embryonic heart does not have a coronary circulatory system to perfuse itself, the ridge-like trabeculae increase surface area to facilitate nutrient and oxygen exchange. The trabeculae will coalesce and compact with the compact zone once the coronary system is established (6, 7) . A lack of trabecular formation results in lowered availability of oxygen and nutrients in the myocardial tissue and leads to embryonic demise, while excess trabeculation leads to left ventricular noncompaction (LVNC) cardiomyopathy and subsequent heart failure in both mice and humans (8) (9) (10) . Despite the fundamental nature of this morphogenetic process and its significant clinical implications, the molecular and cellular mechanisms of trabecular morphogenesis and compaction are still not fully understood, especially in mammals (11) (12) (13) (14) (15) (16) (17) (18) (19) .
Numb, the first discovered cell-fate determinant in the process of asymmetric cell division for multiple progenitor cells (20) (21) (22) (23) (24) (25) (26) , is essential for a variety of biological processes (20, 21, 23, (27) (28) (29) (30) (31) (32) (33) (34) . In mice, there are 2 homologs: Numb and Numblike, collectively known as the Numb family proteins, abbreviated as NFPs (35, 36) . Recently, Numb has been revealed to regulate cardiac progenitor cell differentiation and cardiac morphogenesis in different species (32, (37) (38) (39) (40) . In mice, Nkx2.5
Cre/+ (41) mediated myocardial-specific NFPs double-knockout (MDKO) hearts display a variety of defects including trabecular formation and LVNC (31, 32, 42) . The key molecular players and the related
Significance
The formation of ridge-like trabeculae from the myocardium is central to heart formation, as it allows for the increase in muscle mass before the formation of coronary circulation. We found that cardiomyocytes display spatiotemporal orientation during trabecular formation. Cardiomyocytes in the Numb and Numblike double knockout display abnormal cellular orientation. The knockout hearts display reduced membrane localized N-cadherin due to attenuated N-cadherin recycling to the membrane. When chick N-cadherin is overexpressed in the knockouts via a mosaic model, the defects of cellular orientation and trabeculation were at least partially rescued, suggesting that Numb and Numblike regulate cellular orientation and trabeculation via N-cadherin. Cellular orientation might modulate the directionality of cellular migration, mitotic spindle orientation, and cellular organization during heart morphogenesis.
signaling pathways altered that are responsible for each defect in MDKO hearts have not been identified.
Tissue morphogenesis depends on the spatiotemporal arrangement of cells during development. The best-known mechanism that contributes to the final shape of a tissue is cellular intercalation in response to morphogens (43) . A less-well-known but essential mechanism is oriented cell division (OCD) (43) . OCD is typically determined by evaluating the alignment of the mitotic spindles relative to organ and anatomical axes (44, 45) . OCD is a potential asymmetric cell division that contributes to cellular diversity, differentiation, and organogenesis during development (16, 46, 47) . A third mechanism is cellular elongation-mediated cellular orientation, which has not been previously studied during organ morphogenesis. We discovered the defect of abnormal cellular orientation in the MDKO heart, which might be responsible for the morphogenetic defects observed in the trabeculae and ventricular wall.
Mechanistically, we found that MDKO hearts display reduced levels and abnormal subcellular localization of N-cadherin. Cadherins are a large family of cell-cell adhesion molecules that mediate calcium-dependent and homophilic adhesion, thereby promoting association of cells expressing the same cadherin family members (48) . In the heart, N-cadherin is the major component of adherens junctions. N-cadherin is required for the formation and maintenance of intercalated discs in mature cardiomyocytes (49) and its deletion leads to conduction slowing and arrhythmogenesis (50) . In the early embryonic heart, N-cadherin is required for adherens junction-mediated cell-cell association (51), which is required for multiple biological processes, including the establishment and maintenance of tissue architecture and coordination of cell behavior within the tissue. Work in zebrafish shows that dynamic N-cadherin subcellular localization correlates with trabecular initiation (13) , N-cadherin is required for cardiomyocyte transmural migration in chicken hearts (52) , and N-cadherin is required for transmural migration and mitotic spindle orientations during trabecular morphogenesis in mouse hearts (16) . In this study, using the mCherry:Numb knockin (mCherry:NumbKI) line, we found that Numb mainly colocalizes with the recycling endosomes, and loss of NFPs disrupts N-cadherin recycling to the plasma membrane. The N-cadherin mislocalization contributes to the defects in cellular orientation and trabeculation in the MDKO, which can be partially rescued by N-cadherin overexpression.
Results
NFPs Are Required for Cellular Orientation and Organization during Trabecular and Ventricular Wall Morphogenesis. Tissue morphogenesis depends on spatiotemporal cellular arrangement. The cellular arrangement within an organ can be determined by cellular orientation, the magnitude of which can be evaluated by the ratio of length to width of a cell (47) . To examine whether cardiomyocytes display cellular orientation, embryos of different ages with the genotype of Nkx2.5
Cre/+ (41); ROSA26TMD tdTomato-EGFP (mTmG) (53) or cTnT-Cre (54); mTmG were stained for PECAM, a marker for endocardial and endothelial cells, and then cleared and 3D-imaged (55, 56) . The cell membrane of the Cre-expressing cell is outlined by the membrane localized green fluorescent protein (GFP) and is used to determine the cellular orientation. We did not observe an obvious pattern of oriented cellular orientation at the 3 or 6 somite pair stages (st), as a majority of the cells in the myocardium are round before trabecular initiation (SI Appendix, Fig. S1 A and B). However, at 12 st, cardiomyocytes in the outer curvature of the left ventricle display orientation with the ratio of length to width of a cell being greater than 1.2. We found that 61% and 24% of cells in the inner layer at the outer curvature oriented perpendicularly and parallel, respectively, to the heart wall surface in the control hearts (n = 49 from 3 hearts) ( Fig. 1 A and B) . By contrast, 16% and 64% of cells in the inner layer at the outer curvature oriented perpendicularly and parallel, respectively, in the MDKO heart ( Fig. 1 C and D) . The patterns of cellular orientation between control and MDKO are significantly different based on the χ 2 test (P < 0.01). The cells in the outer layer mainly oriented parallel to the heart wall in the control heart, but this orientation was lost in the MDKO hearts ( Fig. 1 A and C) . The cells of the inner layer orient perpendicularly to the heart wall in the control but randomly or parallel in the MDKO hearts at embryonic day (E)9.25 (SI Appendix, Fig. S1 C and D) . After trabecular initiation, for example at E11.5, most cardiomyocytes in the trabecular zone of control hearts are elongated with a spindle shape and align parallel to the trabeculae (Fig. 1E and Movie S1), while in MDKO hearts most cardiomyocytes in trabeculae are round and do not align parallel along the trabeculae (Fig. 1F and Movie S2). The shapes of trabecular cardiomyocytes were further examined with reconstructed Z-stack images via the Imaris 9.1.2 software (Bitplane; Oxford Instruments). The surface module of the software was used to create 3D-reconstructed cells and then to determine the cell shape (Movies S3 and S4). The shape of control cells is columnar and the length, width, and height of the reconstructed trabecular cells were measured via the Imaris software and are 13.9, 6.9, and 6.9 μm, respectively (n = 13 cells), MDKO; mTmG cells have an average length, width, and height of 9.1, 7.8, and 7.2 μm, respectively (n = 13 cells), indicating a rounded morphology in MDKO (SI Appendix, Fig. S1E ). The volumes of the control and knockout cardiomyocytes are significantly different (SI Appendix, Fig. S1F ).
To establish whether NFPs regulate cardiomyocyte orientation autonomously, we performed an ex vivo Numb overexpression experiment to determine whether Numb rescues the cellular orientation defect in MDKO. MDKO embryos at E9.25 were cultured ex vivo, with the myocardium exposed to medium containing adenovirus for overexpression of histidine (His)-tagged Numb (Ad-Numb:His) or Ad-GFP control. Examination 24 h after infection revealed that 20% of the Ad-Numb:His infected cells localized to inner layer of the left ventricle and oriented perpendicularly to the heart wall (a total of 113 cells from 3 hearts), while only 3% Ad-GFP expressing cells localized to the inner layer of the myocardium and oriented parallel to the heart wall (a total of 152 cells from 3 hearts) (SI Appendix, Fig.  S1 G and H). Furthermore, our previous study showed that Tie2Cre-mediated NFPs deletion did not cause trabeculation defects or other obvious defects (31) . These results indicate that NFPs regulate cardiomyocyte orientation and trabecular initiation in a cell-autonomous manner.
NFPs Regulate OCD and Directional Migration. Our previous study showed that MDKO hearts display thicker trabeculae with fewer numbers of trabeculae per unit length, indicating defective trabecular initiation (31) . The thicker trabeculae are possibly caused by higher proliferation rates of cardiomyocytes in the compact and trabecular zones (31, 42, 57) . Previous studies demonstrated that both OCD and directional migration contribute to trabecular initiation in the mouse (SI Appendix, Fig. S2A ), while only apical constriction-mediated directional migration contributes to trabecular initiation in zebrafish (12, 15, 16, 18, 58) . We asked whether NFPs regulate trabecular initiation through these mechanisms. We measured the spindle orientations of mitotic cardiomyocytes at the outer layer of left ventricular myocardium of ∼E9.25 control and MDKO hearts and the cells at anaphase or early telophase with both centrosomes in the same focal plane were quantified (16, 45) . We found that cardiomyocytes of the MDKO displayed different division patterns with fewer perpendicular but more parallel divisions compared with the control, indicating that NFPs regulate mitotic spindle orientation ( Fig. 2 A-C) .
Sparse cell labeling via autonomous intragenic recombination or virally labeling gave hints of coherent cell growth (59, 60) and ventricular wall morphogenesis (59, 61, 62) . However, interpretations of these data are limited by the uncontrolled timing of cell labeling and by 2D analysis. To obtain a more comprehensive understanding of the mechanisms of trabecular morphogenesis, 3D imaging of the labeled clone is required to determine the transmural growth during ventricular wall morphogenesis. We applied sparse cell/multicolor lineage tracing, whole-heart clearing, and 3D imaging to determine the division patterns and cellular behaviors during trabecular morphogenesis (16, 56) . Specifically, we crossed ROSA26-Cre ; Nl D/D (iDKO) was determined by in situ hybridization (ISH) with probes complementary to the sequence of the deleted exon 4 but not other exons, as the truncated mRNA of Numb in MDKO hearts was transcribed at a similar level to full-length Numb mRNA in control hearts based on qPCR and ISH (SI Appendix, Fig. S2 H-K) . About 85% of the iDKO clones (n = 41) showed absence of Numb (Fig. 2D) . We compared and found that the clonal patterns between control (iCre;Nb
; Conf) and iDKO were significantly different based on a χ 2 test (Fig. 2E) . iDKO clones display a higher percentage of surface clones and lower percentages of transmural and trabecular clones, suggesting that NFPs play roles in OCD and directional migration. The abnormal cellular orientation ( Fig. 1 ) and cellular behaviors (Fig. 2 A-E) in MDKO hearts might contribute to the trabecular initiation defect in the MDKO heart (Fig. 2 F and G) .
NFPs Regulate Transmural Growth and Cardiomyocyte Proliferation
Autonomously. To determine if NFPs regulate ventricular wall transmural growth, clonal growth was monitored in embryos that were induced with low-dose tamoxifen at E7.75 and examined at E12.5 instead of E10.5 as described above. This concentration induced ∼30 separated clones in the hearts of both control and iDKO ( Fig. 3 A and B) . Because the heart is a 1-cell-thick tube when cells are labeled around E8.0 (16), the first labeled cell of each clone would be at the surface of the myocardium. Therefore, the number of its progeny and their geometric location can be used to infer the clone's proliferation, migration, and dispersion to different transmural depths (16) . The distance from the innermost cell of the clone to the myocardial surface, where the first labeled cell was localized, defines the transmural growth or invasion depth. We examined the clonal patterns and transmural growth via whole-heart clearing and 3D imaging (16) . In contrast from the clonal patterns examined at E10.5 ( Fig. 2E and SI Appendix, Fig. S2C ), only 3 clonal patterns were observed: compact clones, likely derived from the surface clone at E10.5 ( Fig. 3C and Movies S9 and S10); trabecular clones ( Fig. 3D and Movie S11); and transmural clones, in which the cells localize to both compact and trabecular zones and are likely derived from the compact and transmural clones at E10.5 ( Fig. 3E and Movie S12). The different clonal patterns examined at E10.5 and E12.5 are possibly explained by a higher proliferation rate of cardiomyocytes in the compact zone (31) and by transmural growth of the labeled clones. The percentage of trabecular clones in the iDKO is reduced by half compared with the control clones (Fig. 3F) . The invasion depth of transmural clones and trabecular clones examined at E12.5 is triple the distance of those examined at E10.5 ( Fig. 3G and SI Appendix, Fig. S3A ) (16) . We then compared the transmural growth between control and iDKO clones and found that the iDKO clones displayed a shorter invasion depth in both trabecular and transmural clones (Fig. 3G) , suggesting that NFPs are involved in transmural growth during trabecular morphogenesis. We also quantified cell numbers in the different clonal types at E12.5. The trabecular clones had the smallest while the transmural clones had the largest numbers of cells among the 3 clonal types (Fig. 3H) . The number of cells in compact and transmural clones increased 3.3 and 2.1 times, respectively, compared with the cell numbers examined at E10.5 (16) . The number of cells in the trabecular clone did not increase significantly. To examine this further, we compared the proliferation of control and iDKO clones by quantifying the number of cells in the clones. We found that the iDKO clones contain more cells than the control, especially the trabecular clones (Fig.  3H) , suggesting that NFPs regulate cardiomyocyte proliferation. These results are consistent with previous reports that compact cardiomyocytes proliferate at a higher rate than trabecular cardiomyocytes and NFPs regulate cardiomyocyte proliferation via Notch (31, 32, 42) and ErbB2 (57).
NFPs Regulate Trabecular Morphogenesis through N-Cadherin. Previous work has shown that N-cadherin regulates directional migration during trabecular initiation (16, 18, 53) . We further found that N-cadherin is required for cardiomyocyte orientation, as the cardiomyocytes in the inner layer in control hearts display perpendicular orientation, while the corresponding cardiomyocytes in Nkx2.5
Cre/+ ; Cdh2 fl/fl hearts display random or no orientation and are disorganized (SI Appendix, Fig. S4 A and B) . We hypothesize that NFPs regulate N-cadherin to modulate cellular orientation and organization. We first examined the protein levels of N-cadherin and found that it was reduced in MDKO hearts by 42 ± 5% (n = 3) compared with control hearts (Fig. 4A ). Protein expression of N-cadherin was reduced in cultured cardiomyocytes as well, and we determined that the central proline-rich (PRR) domain and NPF/DPF motifs are required to maintain N-cadherin protein levels in the cultured cardiomyocytes (SI Appendix, Fig.  S4C ). Previous work has shown that dynamic localization of N-cadherin correlates with cellular behaviors during trabecular initiation in zebrafish (13) . Therefore, we examined the subcellular localization of N-cadherin and found that N-cadherin localizes to the lateral membrane of the cardiomyocyte in the outer layer of the myocardium (Fig. 4 B and B′) and its membrane localization is reduced in the MDKO (Fig. 4 C and C′) . The ratio of membrane to cytoplasmic N-cadherin based on fluorescence intensity is 12.2 ± 1.1 (n = 30 spots) in control (Fig. 4B ) and 5.2 ± 1.6 (n = 30 spots) in MDKO (Fig. 4C) . In cardiomyocytes at the inner layer of the myocardium that display perpendicular orientation and abut the cardiac jelly (as indicated by collagen IV staining), N-cadherin is localized to both lateral and basal membranes and the ratio of membrane to cytoplasmic N-cadherin is 9.7 ± 1.1 (n = 30 spots) (Fig. 4D ). Basal localization in the oriented cells is reduced in the MDKO (Fig. 4E ) with a ratio of membrane to cytoplasmic N-cadherin of 3.4 ± 0.8 (n = 30 spots) (Fig. 4E) . The reduced membrane localization of N-cadherin was observed at later stages in both trabecular and compact cardiomyocytes with a ratio of 4.5 ± 0.9 (n = 30 spots) in control and 1.7 ± 1.1 (n = 30 spots) in MDKO (Fig. 4 F and G) . To further determine that less N-cadherin localizes to the membrane in MDKO hearts, ;Nl D/D heart at postnatal days 0 to 2 (p0-2) were cultured and then treated with Ade-Cre to delete Numb or treated with Ade-GFP as a control. The membrane and cytoplasmic N-cadherin were fractionated via EZ-Link NHSBiotin. We found that the ratio of membrane to cytoplasmic N-cadherin is 8.5 ± 2.51 (n = 3) in control cardiomyocytes, while in Numb and Numblike DKO it is reduced to 2.6 ± 1.25 (n = 3) (Fig. 4H) , indicating that NFPs play important roles in localization of N-cadherin to the membrane.
To determine the epistatic relationship between N-cadherin and NFPs during trabeculation, we examined trabecular morphogenesis and N-cadherin protein levels in hearts of compound heterozygotes (Nkx2.5 ). The N-cadherin protein level of the compound heterozygotes is reduced compared with that of single heterozygotes (Fig. 4I) . The compound heterozygotes can survive to adulthood, but 3 out of 5 exhibited growth retardation (SI Appendix, Fig. S4D ). The compound heterozygotes display a smaller number of trabeculae per unit length and thicker trabeculae compared with the controls (Fig. 4J and SI Appendix, Fig.  S4E ), indicating a trabeculation defect. These results suggest that N-cadherin protein levels correlate with the trabecular morphogenetic defect and that NFPs regulate trabecular morphogenesis through N-cadherin.
Numb Is Localized to Endocytic Organelles and Might be Required for
Endosome Biogenesis and Transition. To study the mechanism of how NFPs regulate N-cadherin protein levels and subcellular localization in cardiomyocytes, we generated the mCherry:NumbKI, in which the coding sequences of Flag and mCherry were inserted after the start codon of Numb (SI Appendix, Fig. S5A ). The precise insertion of mCherry was confirmed by Southern blot (SI Appendix, Fig. S5 A and B) and genomic DNA sequencing, and the fusion protein of mCherry:NumbKI was confirmed by Western blot with antibodies against Flag or mCherry (Fig. 5A ). The mCherry:NumbKI homozygotes can survive to adulthood without obvious defects, while the Numb global KO died at about E12.5 (65) , suggesting that the fusion protein mCherry:Numb functions similarly to Numb. With this mCherry:NumbKI line, we examined the localization of Numb and found that there was no obvious asymmetric distribution of Numb in the cardiomyocytes oriented perpendicular to the heart wall (SI Appendix, Fig. S5C ), suggesting that Numb is not a component of the polarity complex in the polarized myocardium (12, 58) . Numb is enriched in epicardial cells (SI Appendix, Fig. S5D ), in which NFPs play essential roles in epithelial-mesenchymal transition (45) . Numb is asymmetrically localized to the leading edge of migrating mouse embryonic fibroblasts (SI Appendix, Fig. S5E ), suggesting its potential roles in migration.
To determine the subcellular localization of Numb in cardiomyocytes, cardiomyocytes from mCherry:NumbKI were ex vivo-cultured and costained with mCherry and endosomal or lysosomal markers and then 3D-imaged. We found that Numb colocalized with EEA1-labeled early endosomes, LAMP1-labeled lysosomes, RAB7-labeled late endosomes, and RAB11-labeled recycling endosomes (SI Appendix, Fig. S6 A-D) . To further determine that Numb localizes to different endocytic organelles, we applied the Duolink proximity ligation (DPL) assay to detect endogenous protein spatiotemporal interactions in vivo with singlemolecule sensitivity. Consistently, Numb colocalizes with markers of diverse endocytic organelles and mainly localizes to the recycling endosome compared with other endocytic organelles (Fig. 5  B-E) . This localization pattern suggests that Numb might be involved in protein endocytosis, recycling, and degradation. We then examined whether deletion of NFPs would affect the biogenesis of endosomes or the transition of early endosomes to late endosomes or recycling endosomes. Different from a previous study showing that MDKO hearts displayed more EEA1 based on immunostaining (57), we used the Western blot to determine the amount of EEA1 in whole hearts and found that MDKO hearts contain significantly reduced levels of EEA1, which was further confirmed by immunostaining (Fig. 5 F and G and SI Appendix, Fig. S6 E and F), suggesting that NFPs might play roles in early endosome biogenesis. We also examined the protein levels of RAB5, a marker for early endosomes, and RAB7, a marker for late endosomes, and found that RAB7 is significantly reduced (Fig. 5 F and G) . These results suggest that NFPs might modulate signaling pathways and biological processes through endocytosis.
NFPs Regulate the Transition of N-Cadherin from Early Endosome to
Recycling Endosome and Its Trafficking to the Membrane. EEA1 is a RAB5 effector protein that is required for fusion of early and late endosomes, for sorting of early endosomes, and is a docking factor required for sorting and budding of recycling vesicles (66) . The reduction in membrane-localized N-cadherin and reduced EEA1 in MDKO hearts suggest that NFPs might play a role in the balance of internalization and recycling of N-cadherin. We examined whether NFPs regulate N-cadherin internalization and trafficking using cultured cardiomyocytes. Cardiomyocytes from 
p0-2 hearts (ROSA26
CreERT2/+ ; Nb fl/fl ; Nl D/D ) were isolated and cultured. Twenty-four hours later, hydroxytamoxifen or vehicle was added to induce deletion of Numb. We first examined the protein levels of Numb and N-cadherin at different time points. Numb was reduced 72 h after Cre induction, but N-cadherin levels were not reduced significantly until 96 h (SI Appendix, Fig. S7A ). We applied the DPL assay to detect endogenous protein spatiotemporal interactions and found that Numb and N-cadherin colocalize in the membrane and cytoplasm (SI Appendix, Fig. S7 B-D) . We then determined whether NFPs are required for N-cadherin endocytosis and recycling in vivo. We found that the quantity of N-cadherin localized to early endosomes in NFPs-null cells is not significantly different from the control cardiomyocytes based on the DPL assay, suggesting that the reduction in early endosomes in the MDKO is not a limiting factor for N-cadherin endocytosis (Fig. 6A) . However, the quantity of N-cadherin localized to late and recycling endosomes is significantly reduced compared with the control (Fig. 6 B and  C) , suggesting a defect in transition from early endosomes to late and recycling endosomes in DKO cardiomyocytes. To further determine whether NFPs play roles in N-cadherin internalization and trafficking to the membrane, control and NFP-null cardiomyocytes (72 h after Cre induction) were used in the biotin-IP-based internalization assay. In this assay, membrane N-cadherin was labeled by sulfo-NHS-SS-biotin for 30 min at 4°, and the labeled N-cadherin was allowed to internalize for 20 min at 37°. The remaining biotin on the cell surface was dissociated from proteins as per the protocol, and the internalized biotinlabeled N-cadherin proteins were pulled down via the NeutrAvidin agarose resins and were detected by N-cadherin antibody via Western blot. We found that the levels of N-cadherin after biotin removal (non-biotin-labeled) in control and NFPsnull cells were not significantly different, while the levels of internalized biotin-labeled N-cadherin in the NFP null cells were higher than those of the control heart (Fig. 6D) . We also examined N-cadherin internalization using the Alexa Fluor 488-conjugated N-cadherin antibody (Fig. 6 E-G) and consistently there was more internalized N-cadherin in NFP null cardiomyocytes based on immunostaining (Fig. 6 E-G) , suggesting that there is not an endocytosis defect but likely a recycling defect for N-cadherin. To determine if NFPs play a role in N-cadherin recycling, internalized Alexa Fluor 488-conjugated N-cadherin was allowed to traffic back to the membrane, and the remaining N-cadherin in the cytoplasm was quantified. We found that more N-cadherin remained in the cytoplasm in NFP null cells (Fig. 6 H-J) , suggesting that NFPs play roles in N-cadherin trafficking to the membrane. The decreased N-cadherin recycling to the cell membrane leads to accumulation of N-cadherin in the cytoplasm, which might trigger N-cadherin degradation, leading to the reduced N-cadherin protein level in MDKO hearts.
N-Cadherin Overexpression Rescues the Defects of Cellular Orientation
and Trabeculation in MDKO Hearts. To further study the NFPs' regulation of cellular orientation and trabeculation through N-cadherin, we generated N-cadherin transgenic lines to determine whether N-cadherin overexpression can rescue these defects in the MDKO hearts. The transgenic lines, in which chicken N-cadherin cDNA (cN-cadherin) is driven by the αMHC promoter ( Fig. 7A and SI Appendix, Fig. S8 A and B) as previously described (67), show expression of cN-cadherin in the heart based on Western blot (Fig. 7B) , which is further confirmed by the cN-cadherinspecific antibody staining ( Fig. 7 C and D) . We then determined whether cN-cadherin overexpression could rescue the defects in MDKO hearts. We took advantage of the mosaic expression of cN-cadherin in the early heart at E10.5, as cN-cadherin driven by the αMHC promoter was expressed in a few cells at that early stage. We found that cN-cadherin-expressing cardiomyocytes localize to both trabecular and compact zones in control hearts at E10.5 with 25.2% (n = 708 from 3 hearts) of cN-cadherinexpressing cells localized in the trabeculae (Fig. 7C) . In contrast, in the MDKO, cN-cadherin-expressing cardiomyocytes predominantly localize to the trabecular zone with 78.3% (n = 578 from 3 hearts) of them being localized in the trabeculae (Fig. 7D) . We then examined whether cN-cadherin overexpression will rescue the trabeculation defect in the MDKO at E12.5, a stage in which many cells express cN-cadherin (Fig. 7 L and N) . We found that trabecular thickness was reduced and that trabecular density was increased compared with the MDKO, but the trabeculation defect was not fully rescued compared with the control, possibly due to the delayed expression of cN-cadherin expression driven by αMHC promoter (Fig. 7 E-J) .
We examined whether cN-cadherin overexpression can rescue this cellular orientation defect in MDKO hearts. The trabecular cardiomyocytes are more mature (68) and display a spindle shape aligning parallel to the trabecula in the control (Fig. 7 K and O) , while in the MDKO the cells are round (Figs. 1 G and H and 7 M and O) and display a cellular orientation defect as described in Fig. 1 and SI Appendix, Fig. S1 . The control cells expressing cN-cadherin in the trabecular zone display a spindle shape similar to the wild-type cardiomyocytes ( Fig. 7 K and L) . In MDKO hearts, some of the cN-cadherin-expressing cells were restored to the spindle shape and aligned parallel to trabecula, compared with the cardiomyocytes in MDKO (Fig. 7 M-O) . These results indicate that cN-cadherin expression at least partially rescues the cell shape and cellular orientation defect in MDKO hearts.
Discussion
In this study, we found that the patterns of OCD and cellular orientation and transmural growth are abnormal during trabecular morphogenesis in MDKO hearts. With the newly generated mCherry:NumbKI, we found that Numb is expressed in diverse endocytic organelles and mainly in recycling endosomes. In the MDKO hearts, the level of N-cadherin is reduced and its subcellular localization is altered. The cellular orientation and trabeculation defects in the MDKO hearts were at least partially rescued by transgenic cN-cadherin overexpression. Further studies showed that NFPs regulate N-cadherin membrane localization by controlling its recycling to the plasma membrane, suggesting a mechanism that NFPs modulate trabecular and ventricular wall morphogenesis through N-cadherin.
Cardiomyocyte Transmural Migration Contributes to Trabecular
Growth. Recent studies have shown that the cardiomyocytes in the monolayer myocardium undergo perpendicular OCD, which can send a daughter cell into the cardiac jelly to initiate trabeculation (12, 16, 18) . Another mechanism of trabecular initiation is directional migration, in which some cardiomyocytes undergo cytoskeleton rearrangement, become elongated, orient perpendicularly to the heart wall, and eventually migrate into the cardiac jelly (16, 18) . In zebrafish, the trabeculae are initiated by apical constriction-mediated directional migration but not OCD (15, 58) . After trabecular initiation, the myocardium will consist of multiple layers of cardiomyocytes, wherein the endocardial cells sprout and attach to the cardiomyocytes of the compact zone and separate the cardiomyocytes to form trabeculae (11) . After trabecular formation, the next step for trabecular morphogenesis will be trabecular growth, and our sparse lineage tracing reveals that the transmural growth distance of cells examined at E12.5 is tripled for both transmural clones and trabecular clones compared with the clones that are examined at E10.5. The invasion depth in the control clones is significantly larger than those of the iDKO clones (Fig. 3) . The shorter invasion depth of iDKO clones is not due to less proliferation, as the iDKO clones have larger cell numbers than the control clones. These results suggest that NFPs might be involved in the transmural migration of cardiomyocytes and the transmural growth of trabeculae toward the heart lumen during trabecular and ventricular wall morphogenesis.
N-Cadherin Protein Level and Subcellular Localization Are Critical for
Trabecular and Ventricular Wall Morphogenesis. Previous work has shown that N-cadherin is required to establish cell-cell associations in embryonic cardiomyocytes (49) and for cardiomyocyte migration during trabecular morphogenesis (16, 53) . During trabecular initiation in zebrafish, N-cadherin is expressed along the lateral sides of embryonic cardiomyocytes, and N-cadherin accumulates to the basal domain of cells that are extruded from the compact zone, allowing tight adhesion between the compact and trabecular zones (13) . In our study, N-cadherin in the mouse displays a similar subcellular localization to the lateral domain of adjacent cardiomyocytes in the compact zone, but in cardiomyocytes that display perpendicular orientation N-cadherin localizes to the basal domain in addition to the lateral domain. After trabecular initiation, N-cadherin in cardiomyocytes at late stages such as E11.5 localizes to the cell membrane evenly. In the chicken heart, cardiomyocyte transmural migration is coincident with up-regulation of N-cadherin (53) . A lower level of Ncadherin is required for the dissociation of cells from epithelial tissue, while a higher level will promote cell migration and invasion after dissociation from the epithelial tissue (69) . Another study showed that N-cadherin expression modulates cell polarity and impacts speed and directionality of migrating cells in vitro (70) and of tumor cell (71) and neural crest cells (72) . We found that N-cadherin-null cardiomyocytes in a mosaic heart display fewer cellular protrusions and are less migratory (16) , suggesting its role in cellular orientation and cell migration. In this study, the reduction of N-cadherin protein level and membrane localization resulted in the round shape of cardiomyocytes, abnormal cellular orientation, and trabeculation defects in the MDKO hearts. N-cadherin overexpression might promote cardiomyocyte translocation to trabeculae in the MDKO, consistent with previous studies that N-cadherin induces changes in fibroblastic phenotype, rendering the cells more motile and invasive (73, 74) . cN-cadherin overexpression at least partially rescues the defects of cellular orientation and trabeculation in the MDKO. So, it is likely that NFPs working through N-cadherin in the early embryonic stages might be required to establish the cytoskeleton and subsequently to establish cell shape, cell polarity, orientation, and migration during cardiac morphogenesis.
NFPs Modulate Different Biological Processes by Regulating Different
Downstream Targets via Endocytosis. NFPs are essential for cardiac morphogenesis, and the MDKO hearts display a variety of morphogenetic defects. However, the key downstream target or signaling pathway altered and responsible for each defect in the MDKO has not been determined. The localization of Numb to endocytic organelles and lysosomes suggests that Numb might be involved in protein endocytosis, recycling, and degradation and that Numb might function as a homeostatic sensor, regulating signal attenuation, termination and maintenance in response to different biological process cues. Previous work showed that NFPs are involved in clustering of early endosomes in cultured cells (75) . We found that cardiomyocytes of MDKO hearts have fewer early endosomes identified by whole-heart Western blot and EEA1 labeling, and that N-cadherin fails to translocate from early endosomes to recycling endosomes, suggesting that NFPs play roles in endosome biogenesis and in the transition from early endosomes to recycling endosomes. These results suggest a possibility that NFPs act at multiple steps in endocytosis.
In summary, the trabecular and ventricular wall morphogenetic defects in MDKO hearts (SI Appendix, Fig. S9A ) are caused by abnormal cellular orientation, OCD, and transmural growth. This is at least partially a consequence of reduced N-cadherin protein and membrane localization in the MDKO cardiomyocytes (SI Appendix, Fig. S9 A and B) . The cellular orientation might determine the directionality of cellular migration, mitotic spindle orientation, and cellular organization during trabecular morphogenesis. We propose a model that NFPs regulate N-cadherin trafficking to the plasma membrane and that the deletion of NFPs attenuates the transition from early endosomes to recycling endosomes, disturbing the balance of N-cadherin distribution between the cytoplasm and the plasma membrane (SI Appendix, Fig. S9C ). However, the mechanism by which NFPs regulate EEA1 protein levels, the mechanism by which NFPs regulate recycling, and whether cellular orientation contributes to trabecular compaction will require further investigation. and R26R-Confetti (64) were purchased from The Jackson Laboratory. Robert Schwartz, University of Houston, Houston, TX, provided Nkx2.5 Cre/+ mice (41) . The aMHC-cN-cadherin transgene was injected into fertilized oocytes as previously described (67) . Embryos harvested at around noon on embryonic day 9 were counted as E9.5, and those harvested at around 6 PM were counted as E9.75. All animal experiments are approved by the Institutional Animal Care and Use Committee at Albany Medical College and performed according to the Guide for the Care and Use of Laboratory Animals (77) . Various experimental protocols were applied in this study, and most of the experiments were briefly introduced in the text to make the content easier to be understood. The details of each protocol are available in SI Appendix.
Materials and Methods
Statistics. Data are shown as mean ± SD. An unpaired, 2-tailed Student's t test and χ 2 test as specified were used for statistical comparison. A χ 2 test was used to compare the cellular orientation patterns, division patterns, or clonal patterns between control and knockout. A P value of 0.05 or less was considered statistically significant.
